█ INTRODUCTION P rimitive neuroectodermal tumors (PNETs) are poorly differentiated malignant tumors comprising small round cells of neuroectodermal origin that occur primarily in children and adolescents (17) (18) (19) . PNETs can be further classified into two types based on their anatomical location: central primary neuroectodermal tumors (cPNETs) and histologically similar peripheral primitive neuroectodermal tumors (pPNETs) (16) . Although PNETs can theoretically occur in any part of the body (1, 6, 17, 22) , they are most commonly found in brain parenchyma, especially in the frontal lobe, Notably, spPNETs generally share similar imaging features with other spinal tumors, such as lymphoma and schwannoma, and accordingly, spPNETs are frequently misdiagnosed as other tumors.
Although there is no consensus thus far, as the understanding of pPNETs has recently and gradually deepened, the treatment strategy for this disease has changed to a comprehensive modality that involves surgery, neo-adjuvant/adjuvant radioor chemotherapy. Of particular and growing concern is that the role that preoperative neo-adjuvant chemo-/radiotherapy plays in the treatment of this disease (2) . As this treatment modality might provide the greatest therapeutic benefit to patients with spPNETs, it is important to obtain a precise preoperative diagnosis of the disease via combined analysis of radiographic and clinical data.
The present study retrospectively summarizes the imaging findings of ten patients with spPNETs while focusing on morphological, texture and enhancement characteristics in an attempt to correlate these characteristics with the pathological features of spPNETs to deepen our understanding of this rare disease.
█ MATERIAL and METHODS

Design and Patients
This study was conducted in accordance with the Declaration of Helsinki and all of its amendments as well as national regulations.
We searched the pathologic and medical record database to identify patients with surgically and pathologically confirmed spPNET in our hospital between July 2002 and July 2009. Patients without complete medical records, radiographic data or prognosis data were excluded. Ultimately, data for ten patients with spPNET were included in this study. Of these patients, three had undergone complete computed tomography (CT) scans, and nine had undergone magnetic resonance imaging (MRI) examinations. Clinical and radiological data were collected.
Imaging Techniques
MRI scans were obtained using a 1.5-T superconductive unit (Gyroscan Intera, Philips Medical Systems, Batadorp, Eindhoven, The Netherlands); a synergy spine coil was also used. The imaging sequences were as follows: spin-echo T1-weighted and T2-weighted sequences with or without fat suppression and contrast-enhanced spin-echo T1-weighted sequences with fat suppression obtained along the sagittal, coronal, and transverse planes. The CT scans were performed using a 64-slice spiral CT (Sensation64, Siemens AG, Forchheim, Germany). The scan parameters were as follows: 5-mm section thickness, 1-mm slice thickness reconstructions, 120 kV, 90 to 270 mA, and a 256×256 matrix. A 100-mL intravenous bolus dose of a non-ionic iodinated contrast agent (iopromide; Ultravist; Schering AG, Berlin, Germany) was administered at a rate of 3-4 mL/s.
Imaging Analysis
Two experienced radiologists specializing in nervous system diseases for more than ten years, who were blinded to the previous clinical radiological and histopathological results, independently reviewed all images. The final assessment of the findings was reached via consensus. The MRI or CT scans were evaluated and analyzed for the following parameters: vertebral level of involvement (cervical, thoracic, lumbar, or sacral), tumor location (intramedullary, extramedullary intradural, or extradural), size, morphology ("drilling hole" or "vault wall-like growth" patterns), margin (well-defined or illdefined), lesion texture (homogeneous or heterogeneous; with or without necrosis; hemorrhage or calcification), signal intensity and CT density (hypo-, iso-or hyperintense in relation to the paraspinal muscle signals), contrast enhancement characteristics (homogeneous or heterogeneous), the presence of paraspinal tissue masses, and vertebral or other bony changes.
A "drilling hole" pattern was defined as the tendency to extend through the intervertebral foramen. A "vault wall-like growth" pattern was defined as encroachment along the spinal canal over multiple vertebral segments (11) .
Pathological Analysis
Two experienced pathologists specializing in nervous system diseases for more than ten years independently performed pathological re-analysis of all spPNET cases, and the findings were recorded via consensus. Hematoxylin and eosin (H&E) and IHC staining procedures were performed for all cases. Expression of neuron-specific enolase (NSE), CD99, CD3, CD26, CD30, CD34, CD56, S-100, glial fibrillary acidic protein (GFAP), cytokeratin (CK), synaptophysin (Syn), leukocyte common antigen (LCA), chromogranin A (CgA), vimentin, Ki-67, terminal deoxynucleotidyl transferase (TdT), myogenin, and myeloperoxidase (MPO) was examined.
█ RESULTS
Four men and six women with a mean age of 24.7 years (range, 3-44 years) participated in the study. The presenting symptoms included local back pain in four patients, numbness in the lower extremities in five patients, radiating pain in the lower limb in three patients and radiating pain in the left upper limb in one patient. None of the patients had significant medical histories. A total of ten lesions were found near the spinal column in the ten patients. Lesions were found in the cervical, thoracic, or lumbar spines or in the lumbosacrum or sacrum. Among these locations, the sacrum was the site most commonly involved (5/10, 50%; Table I ). The detailed clinical findings of ten patients are shown in Supplementary Table I .
Six of ten patients had extradural lesions. Of these six lesions, five extended through the intervertebral foramen into paraspinal regions, including two that formed a large illdefined paraspinal soft tissue mass. Four lesions showed a "vault wall-like growth" pattern. The size of the lesions varied from 2.6 to 7.2 cm (mean, 6.2 cm). Five lesions were well defined, whereas one was ill-defined masses (Table I ).
All lesions exhibited heterogeneous iso-or hypointense signals on T1-weighted images (T1-WI), which were correlated with heterogeneous hyperintense signals on T2-weighted images (T2-WI) ( Figure 1A-H) . Necrosis was found in two lesions. All lesions were heterogeneously enhanced after administration of the contrast agent. Three lesions displayed a clearer linear enhancement pattern than the remaining three lesions, which showed homogeneous enhancement (Figure 2A-F) . Vertebral or bony involvement was observed in four patients, and one patient had a paraspinal mass encasing paraspinal blood vessels. In one patient, the vertebral body was collapsed.
Four patients presented with intradural extramedullary lesions. Two lesions extended into the paraspinal region through the intervertebral foramen, without formation of a large, ill-defined paraspinal soft tissue mass. Notably, one mass exhibited a "vault wall-like growth" pattern, but the remainder did not display similar patterns. Lesion size varied from 1.4-3.5 cm (mean, 2.45 cm), and all masses were well defined. The signal intensity was similar to the intensity of the extradural lesions mentioned above except with regard to one lesion, which showed a hyperintense signal on T1-weighted images and a hypointense signal on T2-weighted images because of hemorrhage. These lesions were also heterogeneously enhanced after administration of the contrast agent. Interestingly, one lesion was almost completely necrotic, except for its edge. Two intradural extramedullary lesions presented with ring enhancement, as large areas of their centers were occupied by hemorrhage and necrosis. A thickened and obviously enhanced dural theca was present in one patient. Only one patient with obvious necrosis had vertebral or bony involvement.
Most lesions appeared on CT as heterogeneous isodense masses with a homogeneous enhancement pattern. A heterogeneous enhancement pattern was observed when obvious necrosis was present (Figures 1A-H, 3A-H). Figure 4A ,B).
Histologically, tumors were found to be predominately composed of numerous small, dense and round cells, with scattered interstitial components. Homer-Wright rosettes were observed in two lesions. IHC examination revealed consistent positive staining for CD99 in the tumors of nine patients, but negative staining in the remaining patient. NSE and Syn were both expressed in the lesions of three patients. IHC with anti-MIB-1 (Ki-67) antibodies revealed an elevated proliferation index in four cases (range, 10-80%). Vimentin staining was positive in five cases. Fluorescent in situ hybridization (FISH) and chromosomal analyses were not performed in this series.
The detailed IHC characteristics of the lesions are shown in Table III .
No obvious calcification or cystic degeneration was found. The spinal cord or cauda equina was compressed in all patients.
The detailed MRI and CT findings for these ten patients, and spPNET patients published in the English literature are shown in Supplementary Table 2 and Tables, respectively. The treatment modalities included gross total resection (GTR) in six patients (60.0%) and subtotal resection (STR) in four patients (40.0%). All but one patient accepted adjuvant chemotherapy with vincristine, adriamycin, cyclophosphamide (VAC) or vincristine, ifosfamide, doxorubicin, and etoposide (VIDE) protocols, and the radiotherapy dose ranged from 30-50 Gy. Intraoperative STR failure was usually related to the presence of ill-defined margins and a "vault wall-like growth" mass pattern. No biopsy or neo-adjuvant chemotherapy was performed. The prognosis of the ten patients was extremely poor, with a median survival time of 27.4 ± 5.2 months; the overall 1-year survival rate was 90.0% (3/10), and the 2-year survival rate was 40.0%. Treatment and prognosis details can has been reported (10). Nonetheless, six female (60%) and four male (40%) patients were included in our case series; moreover, the mean age of presentation was 24.7 years (range, 3-44 years), which is not consistent with earlier reports. The majority of the lesions in our patients appeared to easily infiltrate the paraspinal region through the neural foramen; thus, corresponding symptoms of numbness and radiating pain in the limbs due to oppression of the lesions were common, as also demonstrated in previous studies. Therefore, as it is extremely difficult to identify a patient with Interestingly, among the four cases with positive Ki-67 staining, two extradural lesions were accompanied by obvious necrosis and bone destruction. The remaining two intradural extramedullary lesions displayed hemorrhage and massive necrosis, with both exhibiting a "ring-enhancement" pattern ( Figure 3A-H) .
█ DISCUSSION
Diagnoses of spPNET are extremely rare. This condition has been associated with adult onset, and male predominance Figure 4 : Kaplan-Meier curves for patients with spPNET. All patients (n=10) (A). The 10 patients were divided into two groups based on the surgical method used: gross total resection (GTR, n=6) or subtotal resection (STR, n=4) (B). Comparison between the two groups revealed significant differences (p<0.05). 
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spinal column levels; this difference inadvertently creates a relative barrier that hampers the growth of soft masses.
Third, awareness of the isointense signal characteristics of T1 images of tumors and the moderate density of CT images should be increased, which might help in differentiating spPNETs from most of the intraspinal tumors that often exhibit hypointense signals on T1-weighted images or hypoattenuation on CT images. Although this finding is not unique to this tumor, it might partially reflect its histological basis.
As shown by H&E staining, spPNETs comprise numerous dense tumor cells combined with scattered interstitial tissue, which might be the pathological foundation of the radiological pattern.
According to previous studies, hemorrhage and necrosis are rare in spPNETs (8) . Regardless, the present study identified hemorrhage or necrosis in four patients, though it is unclear how these phenomena occur or what they indicate. Interestingly, these events were more common in the Ki-67-positive cases in our series. Two extradural lesions were accompanied by necrosis and bone destruction; two intradural extramedullary lesions showed hemorrhage or massive necrosis and displayed a ring-enhancement pattern. Importantly, one of the two intradural extramedullary lesions with a Ki-67-positive rate of over 80% appeared as a mass that was almost entirely occupied by necrosis (except at its edge), with adjacent bone destruction. No obvious signs of necrosis or hemorrhage were found in the preoperative images of the four lesions with negative Ki-67 expression, except one that showed bone destruction. Thus, higher Ki-67 tumor indices might indicate greater likelihood of necrosis, hemorrhage, or bone destruction. In theory, the Ki-67 tumor index reflects tumor proliferation, and a tumor with a high Ki-67 index might grow too rapidly and exceed its blood supply, thereby leading to ischemia in some tumor cells and the subsequent occurrence of hemorrhage and necrosis. In addition, tumor cells with a higher Ki-67 index and proliferation ability might be more likely to be aggressive and to damage adjacent bones.
We also found a linear enhancement pattern in three extradural lesions; this might be a characteristic sign, and it has not been reported previously. This pattern might directly reflect the feeding artery in the tumor, which has been described as a nourishing blood vessel in other studies.
Based on our findings, intradural and extradural spPNET lesions may exhibit large differences. In general, intradural lesions were relatively small, whereas extradural lesions were larger; furthermore, the latter more easily formed an asymmetrical paraspinal soft tissue mass. In addition, of the four lesions in our series that presented with a "vault walllike growth" pattern, three were extradural; of the five lesions that showed vertebral or other bone destruction, three were extradural. Thus, spPNETs located in different regions (intraor extradural) appear different on images.
The first-line treatment for spPNET is a multimodal treatment strategy that consists of surgery, neo-adjuvant or adjuvant chemotherapy or radiotherapy. Although GTR of the tumor is suggested as a cornerstone of therapy (19) , most patients spPNET using these non-specific symptoms, diagnosis is largely dependent on imaging results.
Imaging techniques including MRI and CT play an important role in the diagnosis of patients with spinal tumors and in preoperative surgical planning (1, 6, 20) . Unfortunately, definitive diagnosis of spPNET remains challenging for radiologists and clinicians. Furthermore, some researchers have recently suggested that neo-adjuvant therapies (e.g., preoperative radiotherapy, chemotherapy, or both) strongly improve the survival rates of patients with this extremely malignant disease by significantly increasing the radical resection rate of localized lesions and eliminating possible micro-metastases (2). Thus, accurate preoperative diagnosis of spPNETs is especially critical.
According to the previous limited reports of spPNET, the predominant location is the thoracolumbar level, with fewer cases in the sacral or cervical region (9) . In addition, most spPNETs have been reported as well-defined masses. On MRI, spPNETs usually present as hypo-or isointense signals on T1-weighted images and hyperintense signals on T2-weighted images. By CT, spPNETs commonly appear as isodense masses that might be accompanied by hemorrhage and necrosis and a lack of calcification. After injection of the contrast agent, spPNETs tend to demonstrate a heterogeneous enhancement pattern (3, 21) . Moreover, intradural extramedullary lesions typically infiltrate the paraspinal tissues through the neural foramen and form a paraspinal soft tissue mass that has an asymmetrical size compared with its intraspinal component (3, 7) . Nevertheless, the literature to date regarding the radiological features of this rare disease is inadequate to enable distinguishing it from other common intraspinal tumors. Therefore, a reliable summary of spPNET imaging characteristics and their underlying pathological basis must be compiled and the findings discussed to deepen our understanding of the radiological features and potential clinicopathological foundation of this disease.
We observed other imaging findings in our series in addition to the radiological features mentioned above. First, the sacral level was the most common site in our study, a finding that differs from those of previous reports, in which the thoracolumbar level was more common (9) . Second, previous publications have argued that extramedullary intradural spPNETs tend to extend through the intervertebral foramen and easily form a paraspinal soft tissue mass with an asymmetrical size compared with its spinal component (3). However, seven of the ten patients in our study exhibited not only intradural lesions but also extradural extramedullary lesions that tended to grow along the neural foramen. This finding suggests that the "drilling hole" pattern characteristic of this tumor is independent of its extradural or subdural location. Interestingly, only two patients with extradural spPNETs and none with extramedullary intradural spPNETs exhibited asymmetrical paraspinal soft tissue masses. We hypothesize that this result is due to the dura, which might play an important role in blocking the growth of the lesion through the intervertebral foramen. Importantly, the most common site in our series was at the sacral level, which has a longer neural foramen than the other █ CONCLUSION Based on our findings, spPNETs have specific imaging characteristics, and our results differ from those of previous studies. spPNETs tend to occur at the sacrum level, often present with an isointense signal on T1-weighted images, show a "drilling hole" pattern, and might exhibit a "vault wall-like growth" pattern and an obvious linear enhancement pattern in certain cases. When accompanied by positive expression of Ki-67, hemorrhage and necrosis might not be rare features of spPNET. Obvious differences in the size, morphological features and rate of bone invasion between intradural and extradural lesions were observed. In addition, a positive association between Ki-67 expression and obvious hemorrhage, necrosis and bone destruction was detected in patients with spPNETs. If a spinal mass with the features described above is encountered in the clinic, spPNET should be added to the list of differential diagnoses.
show recurrence or metastasis after the initial surgical treatment, and some studies found that this strategy did not significantly improve prognosis (7, 16) . Indeed, according to a previous report, more than 57% of patients died within 3 years (13). Neo-adjuvant therapy (i.e., preoperative radiotherapy and chemotherapy) has recently been found to significantly enhance survival, perhaps because this strategy shrinks the lesion, which facilitates GTR (2).
All but one patient in our series received GTR or STR of the tumor, followed by adjuvant chemotherapy, radiotherapy, or both. Six patients suffered from recurrence within two years. The survival period of the patients who underwent STR was shorter than that of the patients treated with GTR. One reason for this result might be that without total resection, a lesion easily recurs. Three of the four patients with lesions with a "vault wall-like growth" pattern accepted STR and exhibited a poor prognosis, with recurrence within 6 months and death within 24 months. We hypothesize that these lesions are more likely to invade surrounding structures, thereby resulting in a more difficult total resection. Given the small number of cases in our series, these findings should be confirmed by larger multi-institutional randomized control trials.
As mentioned above, it might be extremely difficult to differentiate spPNETs from other types of intraspinal tumors due to the lack of reliable imaging features (4, 11) . Schwannoma, the most difficult type of tumor to identify, is often accompanied by cystic degeneration, which is always located in the lesion center and shows hyper-intensity on T2-weighted images (12) . Furthermore, schwannomas often lead to compressive bony absorption, whereas spPNET tends to present with bone destruction. Finally, although schwannomas often to grow through the neural foramen (as do spPNETs), its tendency to exhibit a "vault wall-like growth" pattern is not obvious, thus differing from spPNET. Overall, spinal meningiomas present with a broad and strong dural attachment as well as homogeneous enhancement, except in areas of calcification (20) , though spinal meningiomas do not usually extend through the neural foramen. Lymphoma is a common extradural lesion that is difficult to differentiate from spPNET (20) ; this condition also often presents with an isointense signal on T1-weighted images and an isointense signal on T2-weighted images. However, lymphoma is usually found in middle-aged and older individuals and is rare in children younger than 10 years old. Lymphoma is also more likely to cause bone destruction but often lacks necrosis and hemorrhage. In addition, the characteristic of an extradural extension through the intervertebral foramen in lymphoma might be less evident than in spPNET. Extradural spPNETs are also differentiated from other extradural tumors (e.g., metastasis, multiple myeloma, chordoma, Ewing's sarcoma and eosinophilic granulomas) (20) .
We acknowledge that the number of cases in this study is small, and this likely affected the reliability of our conclusions to some extent. An additional study with a large series of cases is necessary to provide sound evidence for the conclusions drawn in the present study.
